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4ABSTRACT
The heat of denaturation of metmyoglobin in
aqueous mixtures of methanol, ethanol and ethylene glycol
were studied by optical spectrophotometry. The stability of
the protein is found to be influenced in a very similar
fashion by the three alcohols. When present in low
concentration, these organic solvents stabilize the
structure of myoglobin at low temperature. As their
concentrations increase beyond a certain amount (typically
10% by volume), they destabilize the protein instead. At
high temperature, the alcohols are chiefly destabilizing
agents. When higher order thermodynamic parameters AHo, A°S°
and Cp are examined as a function of alcohol concentration,
it was found that H° (Cp) exhibited a maximum( minimum
) at certain alcohol concentration. These features lend
support to the proposal put forward by Brandts that changes
in the thermodynamics of denaturation of protein as alcohol
is added arise directly from changes in the strength of
hydropnobic interaction.
Under some solution condition( e.g. pH4.4, 0.2M
ionic strength), myoglobin can be denatured by cooling
below room temperature as well as by heating. The time scale
of the cold denaturation is slow and is of the order of
minutes. A detailed kinetic study of the transition reveals
that although the denaturation process is monophasic, the
renaturation kinetics, however, is biphasic. Based on these
results, a three-state model N I D( N is the native
protein, I the transient intermediate and D the denatured




Protein denaturation has been intensively studied foi
many years. The results of such studies have contributes
significantly to our understanding of the mechanism of
folding and stability of protein molecules in aqueou
solution. Existing information on protein unfolding can it
general be classified into two types which concern with twc
separate aspects of the problem, namely the thermodynamic
and kinetic aspects.
The thermodynamic information is largely obtained by
equilibrium studies of protein unfolding under various
denaturation conditions, such as extreme pH, high
temperature or solutions containing mixed aqueous solvents.
.The results show that the stability of the native protein is
only marginally maintained even in physiological conditions.
In fact, the free energy difference between the native and
denatured state is only of the order of loKcal/mole. This
value is the difference of two large terms, a stabilizing
one and a destabilizing one, each of which is of the order
of several hundred Kcal/mole. The destabilizing term arises
chiefly from the large decrease in entropy which accompanied
protein unfolding. The stabilizing term consists of
contributions from several sources including intramolecular
hydrogen bonding, Van der Waal forces and most important of
all hydrophobic( solvent) interactions. It is now clear
that the protein structure is determined by the critical
2balance of the various interactions among different amin(
acid residues with each other and with the aqueous solutior
surrounding the protein.
In the kinetic aspect, a lot of work is done in th€
measurement of the time scale of the folding and unfoldinc
as well as the number of states involved in the transition,
The results obtained for some small proteins indicate that
denaturation is a highly cooperative process and can be
described by a simple two-state mechanism. In this
mechanism, the transition between the native and denatured
state proceeds without producing any significant amount of
intermediate states (i.e., partly unfolded molecules) at any
stage of the reaction. Some other proteins, on the other
hand, do not follow a two-state mechanism and kinetic
studies are useful for investigating the transition of these
more complex systems. The information obtained is expected
to be useful to our understanding of the dynamic behaviour
of a polypeptide chain, for example, a series of recent
detailed pH jump kinetic studies on ribonuclease A have
shown that its transition can be described by a three
species model N U1 U2, in which native protein
(N) is equilibrated with two forms of unfolded protein
(U1,U2) which have markedly different rates of refolding
(Brandts et al,1975 Schmid et al,1979 Timasheff et
al,1980). Currently there is a general agreement that the
rate-limiting slow refolding species is the product of
proline isomerization( Brandts et al,1975 Schmid
3Baldwin ,1978).
Myoglobin is 'a small globular protein molecule of M.W.
18000 daltons. Its three dimensional. structure has been
completely determined by -ray diffraction method (Kendrew
et al,1969) and many of its physical properties have been
measured. With regard to the problem of denaturation, a
comprehensive equilibrium study of the effect of pH and
temperature on the reversible denaturation of myoglobin was
undertaken by Acampora and Hermans in 1967. Their results
indicate that pH and heat denaturation of myoglobin is a
two-state process. This result was supported by the
calorimetric study of Privalov et al (1974). Other studies
have focused on the parameters which govern myoglobin
stability and, for example, effects of ligand and spin-state
have been examined (Mclendon and Sar dberg g 1977 Cho et
a1,1982). Kinetics of myoglobin denaturation was
investigated in detail by pH jump by Shen and Herrnans (1972)
The results show that the transition is in fact quite
complex and pH dependent. However. at pH a value which lies
within the transition region, the transition can essen1c. ially
be described by a two-state mechanism.
In this work, we undertake to examine the
thermodynamics of myoglobin denaturation in mixed aqueous
solvents of water with methanol, ethanol and ethylene glycol
The effect of these solvents on protein stability have been
previously examined. Brandts and Hunt (1967) proposed that
ethanol affects protein stability primarily by modifying the
structure of solvent in such a way it changes the free
4energy of solvation of the hydrophobic residues. Similar
conclusion that glycerol affects protein stability by
modifying the structure of solvent has also been reached by
Gekko and Tlmasheff (1981). The conclusions of Brandts and
Timasheff have been reached by the study of a model protein,
ribonuclease. It is interesting to extend their studies to
myoglobin which is unique because in acidic pH both heat and
cold denaturation of the molecule can be observed in a given
solution condition. Hence the solvent effect can be examined
directly in a greater temperature range. The thermodynamic
information G°, H°, and S° thus obtained is useful in
leading to a better understanding of the role of solvent in
protein stability.
While studying the cold denaturation of myoglobin, we
found that the process is slow enough such that the kinetics
can also be examined with our set-up. Hence we have also
carried out a detailed kinetic study on the mechanism of
folding and unfolding. our results are inconsistent with a
two-state mechanism, and we propose a three-state model to
describe m yoglobiri cold denaturation.
Chapter 2
Data Analysis
2,1 A great deal of analytical work on protein molecules
was done by taking advantage of the protein's absorption at
particular wavelengths. Practical spectrophotometry obeys
Beer's lav
where I and I are intensities of the incident and
transmitted light, the term k CL is called the optical
density (O.D.) or absorbance, L is the length of the path of
the light through the solution, and C is the concentration
of the absorbing solute.£ is the wavelength-dependent
absorption coefficient of the material under investigation.
In our experiment, we wish to determine the population
of the native and denatured protein molecules at a given
condition. Denote C, C D to be the concentration of native
ana denatured states respectively, £p the absorption
i
coefficient of native and denatured ones. At a given
monitoring wavelength i and temperature T, the optical
density of the sample will be given by
where we have assumed two-state model.
Suppose that all molecules are in the native state at
temperature Tj, and denatured state at Tp, then
where CQ is the total concentration of protein.
Since the absorption coefficients are temperature-
dependent, we need some extrapolations for the calculation
of£ M (T) and£ n (T). Let's examine Figure 1, w h i c h shows a.
typical heating profile, Y-axis is the voltage signal from
photomultipl ier measuring the intensity of transmitted light
through the sample, and X-axis corresponds to the sample's
t- pm nPTrihirp.
In the plot it is found that voltage signal vs temperature
for both native and denatured state is very linear, so that
we assume e(T) of the form a+ bT. By extrapolation we can get




Since log (IoI)=0.D. and the fact that the
photomultiplier's output voltage is proportional to
i ntensi fv. wp opt
K (T)= (log V (T)- logVN(T))(logVD(T)-logV(T))
where VW(T) and Vn(T) are shown in figure 1.
From K(T), other thermodynamic quantities and s can




In the experiments AG0 typically suffers 5% error and its
derivatives AH° and AS0,± 1 0% 1 5% error in the transition
region.
2.2 Denaturation model
Brandts (1963) suggested a phenomenologicai method for
analyzing the changes in thermodynamic quantities during
denaturation. It was given by
where AG is the free energy difference between the denatured
and native states, N is the total number of amino acid
residues in protein,, p the fraction of residues changed in
the cooperative unfolding process, A H yA S c the average
temperature independent enthalpy change due to rupture of a
single polypeptide hydrogen bond and conformational entropy
change per unfolded residue respectively. F is the free
energy associated with electrostatic interaction between
amino acid groups or amino acid groups with polar solvent,
Ftlt, the free energy associated with protonation of
anomalous groups at constant ionic composition and
temperature. The term AT +BT +CT is the contribution
unfolding free energy arising from the interaction of the
nonpolar side chains of the unfolded protein with water. A,
B, C are some constants independent, of temperature. The
expression can be rewritten in general in terms of four
n r-h r mcf-pr q
+ BT+ CT2( 1+ DT) Eq (5)
and has been applied by Brandts (1 9 64) to analyze the
thermal denaturation of chymotrypsinogen and rib onuclease.
Later it was claimed by Biltonen Lumry (1369) that the
value of D is universal to all proteins and its value
obtained for ribo nuclease family is -0.00155. In our
analysis we also assume this value for D. The above
discussion is relevant as heating profiles we only have data
in a temperature interval of typically 15°C because of
sharpness of the transition, and the value of G outside
this region cannot be determined directly. For all cases, G
values shown outside the 15°C temperature range are obtained
by extrapolation using E q (5). The values of A, B and C are
first determined by least square fitting our data to that
eauation.
2.3 Thermodynamic parameters in perturbed solvents
Based on previous discussion we can extract
from different heating profiles. To observe the effect due
to solvent, we compare the thermodynamic parameters at the





where the value of c in t he brackets represents volume
percentage of organic solvent. However, it should be pointed
out that one should be careful in the interpretation of
as its value depends on the reference state used i r
evaluating AG. Although we have measured it under conditions
of identical pH and temperature, the standard free energy of
the native state cannot be identical in water and perturbed
solvents. Explicitly
In spite of such complication, But
are useful parameters in evaluating the relative
effects.
Chapter;
Materials and Experimental Method
3.1 Sample Preparation
This study was carried out on horse-heart myoglobin
obtained from Sigma( St. Louis, MO, U.S.A.) in the met-form
and the sample was used without fur ther purification. Unless
otherwise specified, myoglobin was dissolved in 0.2 M
acetate buffer solution. Typical protein concentration was
0.03%( by weight). Solutions of a higher ionic strength
(or a lower ionic strength) were obtained by addition of
potassium chloride( or distilled water) to the buffer. The
pH of the solution was determined at 20°C with a glass
electrode, which was standardized by pH 7 and pH 4 standard
buffer respectively.
In the study of the effect of cosolvents on the
stability of myoglobin, a given percentage( by volume) of
organic cosolvent( analytical grade purchased from Merck)
containing a certain concentration of potassium chloride was
added to acetate buffer of same ionic strength. The pH of
the mixture was kept unchanged by titration. A series of
organic cosolvent mixture was prepared by this method and
then myoglobin was added into the mixture. In most case, the
concentration of myoglobin was 0.03%( by weight).
3.2 Experimental Methods
The system used to study the thermal denaturation of
myoglobin was a home-made variable temperature single-beamed
spectrophotometer. The set-up was consisted of three
parts, the optical dewar, the temperature control unit and
the optical system.
Optical dawar
This part was composed of a liquid nitrogen dewar, a
samp1e-ce11 holder, a stainless-steel cuvette and a brass
enclosure which encapsulated the sample cell holder. The
cuvette was fixed into the sample-cell holder by screws, Two
quartz windows on two opposite sides of the brass enclosure
were mounted. The whole assembly was shown in Fig 2.
The sample-cell holder was made of copper and its upper
end was in contact with the base of a liquid nitrogen
reservoir whose capacity was about 7 1itres. Tocontrol the
cooling heating rate and the final temperature of the
cell, heating wires were wound on the outside of the cuvette
and the lower end of the sample-cell holder. When liquid
nitrogen w a s pumped into the dewar, the c uv e 11 e wo u1d b e
cooled down rapidly( max. rate about 5° C per minute )by
conduction throuah the coDDer samole-cell holder.
The size of the stainless-steel cuvette was 3cm x 1cm x
0.5cm where 0.5cm was the optical path length. A
thermocouple( Omega, type T) was glued on one side of the
cuvette to monitor the temperature of the system, another
thermocouple of the specification was thinly coated with
epoxy and inserted into the cuvette to monitor directly the
temperature of the sample. Two openings of diamter 0.5cm
situated 0.5cm above the bottom of the cuvette were drilled











Fig 2 : The icture of the equipment used in the experiments
through. The top of the cuvette was sealcd by a stanless-
steel screw cap and an indium 10' ring between them. I n
order to improve temperature homogeneity, 2.5 and 3.5 ohm
heating wires were wound above and below the openings of the
cuvette. The temperature gradient of the sample solution
within the cuvette was found to be less than 0«l°Ccm.
The whole sample holder was encapsulated by a brass
enclosure which had two quartz windows on t w o opposite
sides. On the outside of the brass enclosure, continuous air
was blown continuously across the quartz window surfaces to
prevent condensation of moisture when performing low
temperature measurements. The space inside the brass
enclosure was flushed by dry nitrogen gas.
Temoerature contollina unit
The block diagram of the temperature controlling unit
was shown as follows:
conto1 thermocouple D.C.power supp1y
microvoltmeter
10 V analog outpu










The thermal voltage of the control thermocouple which
was glued on the side of the cuvette was amplified by a
microvoltmeter( Keithley 14 9) and the output voltage was
compared with a reference voltage which came from a 10-turn
potentiometer connected across a DC po wer supply( Farnell
L30B). The difference in voltage was fed into a temperature
controller( Leeds and Northrup CAT) which was capab 1 e of
manual and three action automatic (proportional, rate and
reset action) modes of operation. The output of the
temperature controller was connected to a current source
which was conneced to the heeter wires on the cuvette and
the sample-cell holder.
To perform experiment at a fixed temperature, we preset
a reference voltage which corresponde d to t he desired
temperature, the temperature controller could then adjust
the current supplied by the current source until the
difference voltage preset in the controller's input was
zero. As a result, the desired temperature could be set and
controlled within 0.2°C. Similarly the temperature could be
programmed to increasedecrease linearly at a given rate. In
this case, the 10~turn potentiometer was driven by a
D.C.motor and a vee belt pulley speed reduction system such
that the reference voltage increased decreased at a setting
rate. By this method the heating rate could be varied from
0 .1° Cm i n u t e to 5° Cminute. Typical heating and cooling
rates employed in the experiment were 2. 5° C mmute unless
specified otherwise.
Optical system
The light source in the experiment was a tungsten lamp
(Philips halogen lamp, 150 W) powered by a Trios P R 6 5 7
D.C.Voltage Supply. The monitoring wavelength was selected
w i th a monochr orria tor. After traversing the sample, the 11 ah t
was detected by a pho tomul.tipli.er tube (EM I 95 5 3 QB). To
increase the detection sensitivity, the D.C.level of the
photomultiplier output voltage was offset before being fed
into the Y input of an X- Y recorder (HP 7 0 4 5 A). The thermal
voltage of the thermocouple probing the sample was fed into
X-axis. As a result, the change in the absorption of the
sample as a function of temperature can be directly read out
from the plotter.
The block diagram of the optical system was shown as
sample temperature light source
ImicrovoltmeterI









This chapter is divided into two parts, in part A
we present thermodynamics study of heat denaturation of
protein in cosolvents whereas the kinetics study of cold
Hpnafnrafi nri i q chnwn in npirt R
PART A THERMODYNAMICS STUDY ON HEAT DENATURATION OF
MYOGLOBIN
Thermal denaturation has been employed by many
workers to extract thermodynamic parameters relating the
native and denatured state of proteins and many useful
results have been documented. The thermal denaturation of
myoglobin has been reported and the transition is found to
be consistent with a two-state process (Acampora
Hermans,1967). The two-state nature of the transition
permits us to identify AG°, AH° and AS° determined by
analyzing the heating profiles as the standard free energy,
enthalpy and entropy change between the native and denatured
states resDGCtivelv.
The results of many studies have revealed that the
solvent plays an important role in stabilizing the native
structure of protein by the so called hydrophobic
interaction. One useful method which is commonly used tc
study the interaction between solvents and proteins is b
the addition of cosolvent to a given protein and see how the
denaturation equilibrium is affected. Certain additives
denature proteins primarily by weakening hydrophobic bonds
while others do so by interaction with peptide hydrogen
bonding valences or by combination with charged sites on the
protein or by some composite effect. Hence studies of
effects of cosolvents such as methanol, ethanol, ethylene
glycol and glycerol on protein stability can yield
information on the various interactions that are responsible
for maintaining protein's native structure.
4.1 In methanol-water mixtures
T ypi c a 1 transition curves for the myoglobin
denaturation are shown in fig 3 for aqueous solution of four
different concentrations of methanol. It is difficult to
determine the actual pH in concentrated organic cosolvents.
In our experiments we have adopted the generally accepted
procedure of adjusting the solution to a desired pH reading
on a pH meter. From the figure, .both the stabilizing and
destabilizing effects of methanol are clearly seen, When the
concentration of methanol is 3.4% (by volume), t h e
transition temperature shifts 3.5°C upward as compared with
the reference. However, when the methanol volume percentages
increase to 6.5% and 12%, the transition temperature shifts
3° and 10.5°C downwards with respect to the reference. Hence
at low concentration, methanol is a stabilizing agent but at
high concentration, methanol acts to destabilize proteins.
The stabilizing effect of methanol at low concentration is
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Fig 3: Typical transition curves for the myoglobin thermal
denaturation in different concentration of methanol Tht
mixture is PH 4.4, 0.2M
Hunt, 1967) at temperature below 20°C. However, it should be
noted that in their experiment, the stabilizing effect is,in
fact, not directly seen as their data only cover the
temperature higher than 3 0°C. Such an occurence is predicted
based on extrapolation of the thermodynamic parameters to a
lower temperature using Brandts' phenomenolog1cal model.
Following the derivation in chapter 2, w e can
obtain equilibrium constant of the transition as a function
of temperature, and hence the standard free energy change
and its dependence on temperature by means of the relation
-RTlnK
In order to compare the effect of concentration of solvents
it is necessary to do so at a given temperature. In case
when we are interested in making such a comparison at a
temperature where no actual data e xis ts, we have to
extrapolate the values of A G0 to a wider range of
temperature scale. The extrapolation is done by using
which has been suggested by Brandts (1 9 67) in the analysis
of thermal denaturation of ribonuclease as mentioned above.
Figure 4 shows the standard free energy change versus
temperature. One interesting feature is that when the curves
are extrapolated to lower temperature, the curves begin to
curve downward at about 3 0° C which corresponds to the
temperature of maximum stability. Hence myoglobin should be
denatured by cooling (below 20°C) as well as heating. This
feature has already been observed in previous study (Cho et
a 1 ,1 9 8 2). To verify that the method of extrapolation is
indeed a re 1 1 ab 1 e one, we have measured the equil 1 br i u.in
cooling curve for the pH 4.4, 0 .2 M buffered sample. The data
are also shown in Fig 4. It can be seen that thea greement
between the predicted and measured values a re very go o d
which leads support to the extrapolation procedure. In the
process of measuring the cold denatura t ion curve,- we found
that the time scale of the transition is sufficiently s 1 o w
such that the kinetics of this process can actually be
examined by our set-up. The results of the kinetic
investigation will be discussed in section B. The presence
of cold denaturation is an indication of the importance of
hydrophobic interaction in maintaining the protein
structure. It is known that the effect of hydrophobic
interaction decreases with decrease in temperature (Tanford,
19 6 9). This decrease will lead to the decrease i n t h e free
energy of stabilization and thus the protein becomes
denaturated as a result of cooloing
To see more clear 1 y the effect of so1nvent, A( A G)
is plotted against solvent concentration at different
temperature in figure 5. As it can be seen that t he
stabilizing effect of methanol increases withadecrease in
temperature. At 5 C, methanol is a stabilizing a g e n t a t
concentration as high as 12% by volume, whereas a 14 50C,
methanol destabilizes myoglobin at concentration higher than
6% by volume. This trend is similar to those observed in the
thermal denaturation of rib on uclease in aqueous ethanol
mixtures by Brandts (1967) and denaturation of met-
21
hemoglobin at room temperature by adding alconols onservea
by Asakura et al (1970). According to their explanation, the
ethanol's effect on protein's conformation arises from
changes in the state of solvation of hydrophobic side chains
in the denatured state. Brandtsetal justified their
arguments by quoting Ben-Naim's results which show the
effect of ethanol and dioxane on the free energy of argon, a
relatively good analog for nonpolar side chains (A. Ben-Naim
S. Baer1964). In their papers it is seen that the
predominant effect of ethanol and dioxane is to increase the
free energy of argon at low temperatures up to
concentrations of about 0.13 mole fraction whereas further
increases in the amount of the additives act to decrease the
free energy of argon. In addition, the extensive
calorimetric data of Arnett et al (1965) showed that the
heat of solution of a large number of small hydrophobic
molecules( t-BuCl, n-BuCl, CC14, t-BuOH and others) in
aqueous ethanol solutions depends rather strikingly on the
amount of ethanol in the binary mixtures. Hence Brandts
claimed that ethanol altered the conformational stability of
protein by interacting with the exposed hydrophobic groups
of the denatured state because the effects of ethanol on the
thermodynamics of denaturation was mimicking the effects of
ethanol on the thermodynamics of solution of small nonpolar
model compounds. Brandts also proposed a mechanism on how
ethanol affected protein's stability in relation to solvent
nrd rina_ Further discussion will be in section 4.4.
Fig 4: The temperature dependence of the free energv of
denaturation for myoglobin in PH4.4, 0.2M methanol
cosolvents. 3.4%, 6.5%, 12% methar
volume).The dotted curve is the reference, i.e .,myoglobin
in buffer solution withou methanol. solid curves are
theoretical values calculated from Eg(5) using fitting
parqameters determining from least sguare fit of the
edxperimental data above 3 .The adate for cold labile are
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Fig 5: methanol concentration dependence of A(Ab)- G(c;-













Once the parameters A, B and C in E q 5 a r e k n o w n b y
fitting we may calculate the standard enthalpy change and
standard entropy change according to
and
The results are shown in Fig 6 and 7, In the thermodynamic
point of view, the free energy change is due to two
different terms H and T S, which are related by
Any agent or process which can increase AH or decrease TAS
will increase AG, or stabilize the protein and vice versa.
As can be seen, the stabilization term at nigher
concentratio n o f methanol comes from enthalpic effect
rather en tropic effect. For instance, in 12% methanoJ. at
50°C, AH increases by 46.6kcalmole, but (-TAS) decreases by
49.5 kcalmole, resulting a decrease of 2.9 kcalmole in AG.
However, the stabilization term at low concentration of
methanol seems to be slightly different, but since the
change is within the experimental error, no confirmed effect
can be concluded now.
To observe the effect of alcohols on protein's
stability, ethanol is employed in our study and present in
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Fig 6 : Values of H fro myoglobin in various methancl
concentration at pH 4,4, 0.2 M. Values a re det e rmined b v
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Fig 7: Values of AS for myoglobin in various methanol
concentration at pH 4.4, 0.2 M. Values are determined by-
direct numerical differentiation of the a G shown in figure
4 using Eq (3).
4.2 In ethano 1--water mixtures
In order to be able to carry out the s tudy to a
higher concentration of ethanol, p H 4.8, 0.1M protein
solution was used. Under this condition, the volume
percentage of ethanol can be varied from 5% to 30% with the
protein maintaining its native structure at room temperature.
Following the same procedure and method of analysis in
section 4.1, the temperature-dependence of the standard free
energy change was determined and shown in Fig 8. The
transition temperatures decrease from 68.5°C to 35°C for the
highest alcohol concentration 30% (by volume) used. The
results in the Fig 9 v s ethanol concentration)
show that the effect of ethanol on the temperature-
dependence of is very similar to those observed in
methanol coso1vents. At high temperature (6 0°C) ethanol i s
quite effective in decreasing the free energy of
denaturation in keeping with numerous studies which have
shown alcohols to be rather strong denatureting agent above
room temperature. However, at low temperature (5°C) ethanol
behaves as a rather strong stabilizing agent for myoglobin
as long as the concentration of ethanol is below 10%.
Although this conclusion depends on the validity of the
extrapolation, sinee the native protein is too stable at 5°C
and p H 4.8, 0. 1M to permit direct measurement, the
temperature range of extrapolation is short enough and the
effect large enough so that this conclusion appears to be
iustified.
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Fig 8 :The temperature dependence of the free energy of
denaturation for myoglobin in p H 4.8, 0,1M ethanol
cosolvents.() 5%,( a) 10% f( a) 2 0%,(°) 3 0% ethanol
(all by volume), The dotted curve is the reference in buffer
solution without ethanol. Solid curves are theoretical
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Fig 9: Ethanol concentration dependence of A( A 'V= f
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Fig 10(a)Ethanol concentration dependence of enthalpy of
denaturation of myoglobin at different temperature., The











Fig 10 (o;Ethanol concentration dependence of entropy of
denaturation of myoglobin at different temperature. The









Fig 11: Values of the heat capacity of denaturation of








reveal further interesting information. The values of as
function of ethanol concentration are shown in Fig 10(a).
The data indicate that it goes through a maximum as the
ethanol concentration is varied. The maximum increase in
is nearl-y 42 kcalmole as compared with the reference at
5°C. The maximum in AH implies a minimum in At 50°C, a
temperature which is close to the transition temperature of
the experiments and where data were most reliable, the
decrease in is about 4 5 0 c a 1 deg mole, which
corresponds to about 20% of the total heat capacity change
between the native and denatured protein. It is known that
the enthalpy maximum or equivalently the heat capacity
minimum are also observed for transfer reactions which
involve the solution of small nonpolar molecules in aqueous
alcohol as the final state, so that the effects outlined
above appear to be attributable in part to alterations in
the mode of solvation of hydrophobic side chains of
denatured myoglobin as alcohol is added.
To confirm the effect of alcohol on myoglobin
conformational stability, ethylene glycol was also employed
in our study.
4.3 In ethylene glycol mixtures
The protein solution was p H 4, 8, 0.1M and the
highest ethylene glycol concentration was 40% by volume. The
transition temperatures varied from 6 8„5°C in buffer
solution to 63°C in the highest ethylene glycol
concentration( Fig 12). Hence ethylene glycol is found to
be less effective than the corresponding alcohol, ethanol,
1n destabilizing the protein. Consider the structure of
ethylene glycol, OH-CH2-CH2-OH which is structurely formed
by replacing a hydrogen atom in ethanol with a hydroxyl
group. In the presence of one more hydroxyl group, one would
expect ethylene glycol to be a stronger competitor than
ethanol in the formation of hydrogen bonding with protein,
and thus leads to protein denaturation. The fact that the
opposite is observed seems to suggest that the major effect
in affecting the protein stability is the property of the
solvent and that ethanol perturbs the solvent more
effectively than ethylene glycol.
A( AG), -AH and zlS are shown in Fig 13, 14 and 15
respectively. Similar to methanol and ethanol, ethylene
glycol also behaves as a stabilizing agent at low
concentration and a destabilizing agent at high
t
concentration. The effect is more prominent at low
temperature. Maximum in H and minimum in AC are found to
P
occur at about 2 0% ethylene glycol. Apart from minor
difference, the studies suggest that methanol, ethanol and
ethylene glycol affect protein stability by the same
mechanism by modifying the property of the solvent. A more
detail discussion of the plausible mechanism will be
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Fig 12: The temperature dependence of the free energy of
denaturation for myoglobin in pH 4„80elM ethylene glycol
() 10%f() 20%,(°) 30%, (o)40%( all by volume). The
dotted curve is the reference in buffer solution wihout
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Fig 13: Ethylene glycol concentration dependence of a( AG)
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Fig 14'a) Ethylene glycol concentration dependence of
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Fig 15: Values of the heat capacity of denaturation of
myoglobin in aqueous ethylene glycol at 50°C, as they depend

















In previous sections the results of h eat
denaturation of myoglobin in perturbed solvents are shown.
The main objective of the measurements is to examine in
detail the stabilizing and destabilizing effect of alcohol
to see the role of the solvent played in mai n t a i n 1 n g
protein's conformation. The following discussion is based on
results of our thermodynamic analysis and a molecular
mechanism on the effect of organic additives such as ethanol
on protein stability as proposed by Brandts.
In 1967, Brandts investigated the denaturation of
ribonuclease in etha n ol-water mixtures. He found that
ethanol acts as a stabilizing agent at low concentration and
low temperature and as a destabilizing agent at higher
concentration and higher temperature. Also, a maximum can be
observed in the enthalpy of denaturation AH0 at an ethanol
concentration 12%. He thus claimed that the effects of
»
ethanol on the protein transition arise from changes in the
solvation of exposed hydrophobic side chains in the
denatured state because the thermodynamic functions followed
the same trends as those observed in solution of small
hydrophobic s o1u t e s in ethanol mixtures. A qualitative
molecular model is further proposed to explain his data.
Although Brandts' model is a very plausible one, it is only
reached and supported by his study of the effect of ethanol
on ribonuclease. Since then, no comprehensive studies have
been carried out on other proteins or other kinds of alcohol
to see whether the effect observed in ethanol on
ribonuclease is a general one. The results of our studies
are useful in providing further evidence on the e f f ect of
alcohol on protein stability.
Our result shows t h a t met hanol, e t ha n o 1 a nd
ethylene glycol all act very similarly in a f f e c t i n g
myoglobin stability and it is similar to the trends observed
by Brandts. Firstly, at low concentration,- all of these
agents stabilize myoglobin. The stabilizing e f f e c t i s
stronger at low temperature. At high concentration and high
temperature, all agents destabilize myoglobin. This unique
feature which is also seen in model compounds( sueh as
solubility of hydrophobic solute, argon in e t ha n e-wa t e r
mixture) provides one of the strongest support for Brandts'
proposal. Our results show that both AH and AS versus
ethanol( or ethylene glycol) attain a maximum( Fig 10,
11, 14 and 15). In such a way t h a t enthalpic t e r rn t e n d s to
stabilize the conformation of protein but TAS term tends to
destabilize it. They thus support Brandts' model and a
qualitative discussion of our observed features in the light
of the proposed mechanism in the molecular level is given
b e 1 o w.
N a t i v e
Denatured
Fig 18: Illustration of the possible relationship between
hydrophobic bonding and the clathrate melting transition.
The above one stands for native protein, the big circles are
nonpolar side chains, During unfolding process there are two
different accommodation of exposed nonpolar groups (bottom
ones): the clathrate accommodation (left) and random
accommodation (right). In the clathrate accommodation,
which is important at low temperature, only water molecules
( V's) will be in the solvation shell, while in random
accommodation, both water and the nonaqueous solvent
component( circles) will participate the solvation
process, with the nonaqueous component providing
preferential solvation. The equilibrium between these two
modes of accommodation of nonpolar side chains will be
shifted by temperature and solvent composition.
Consider, at low temperature, the
thermodynamically preferred mode of accommodation of exposed
nonpolar groups will be by clathrate formation in pure water
solution.( Clathrate structure is some kind of water's
ordered structure) The initial effect of adding small
amounts of nonaqueous cosolvent will be to decrease the
stability of the clathrate structures simply by decreasing
the activity of water. Ultimately, as the activity of the
nonaqueous cosolvent is increased further, it b e c o m e d
en tropically favourable for these molecules to enter the
solvation shell. Because of the cooperativity in the aqueous
solvation shell, the only way in which this can happen is by
the isothermal melting of the clathrate structures, as shown
in our schematic figure. This series of events will lead to
an increase in the free energy of the hydrophobic groups
since the destabilization and ultimate disruption of the
clathrates represents the loss of the best mode of
accommodation of these groups in -water at low temperature.
However, the disruption is only partially completed. To
some extent, the clathrate formation is preserved. It is to
be expected that the isothermal melting process will also
give rise to an increase in the heat of solvation, an
increase in overall entropy, and a decrease in the heat
capacity of solvation of exposed nonpolar groups as the
concentration of nonaqueous cosolvent is increased, thus
defining the low concentration segments of the extreme in
A( AG)( at low temperature), AH° a n d A c shown in Fig 9,
10, 11 and 13. 14, 15. Once melting has occurred, nonaqueous
cosolvents may participate in the solvation shell of the
nonpolar groups, it is expected that nonpolar side chains
will be preferentially solvated by the nonaqueous component
in the solvent once the ordered water structures have been
partially disrupted. Consequently, further increases in the
concentration of nonaqueous cosolvent beyond this point will
lead to an increased stabilization of the denatured state
because of preferential solvation and this apparently occurs
with negative heat changes. The composite result of these
two effects, isothermal melting and preferential solvation,
is the observed ex tr em um in A( AG) at low temperature and
maximum in aH° and AS° at the composition where the positive
heat effects associated with melting and the negative heat
effects associated with preferential solvation are precisely
balanced„
At high temperature but low concentration of
nonpolar cosolvents, the distorted ordered structure of%
water solvation layer may be still weakly maintained so that
only a small amount of positive heat effect associated with
melting is observed. But further introducing nonaqueous
cosolvents at such a high temperature may lead to total
disruption of solvation layer. At this time the preferred
mode of accommodation of nonpolar groups is in random
solvation, the resultant large increase in entropy can lead
to a stabilization of the denatured protein at all high
concentrations. This scheme, even though it is
oversimplified, can explain a large part of the features
observed in our experiments.
When we compare the destabilizing effect among
methanol, ethanol and ethylene glycol, ethanol is found to
be the most effective one. This may be explaind in terms of
the fact that ethanol is also the most nonpolar solvent
i
among the three. Hence when the nonpolar amino acid residues
inside the protein are exposed in cosolvents of ethanol, the
free energy change will be the smallest. This is consistent
with that solvent ordering or the strength of the
hydrophobic interactions play an important r o .1 e in
maintaining protein structure.
PART B KINETIC STUDY ON THE COLD DENATURATION OF MYOGLOBIN
In the study of the cold dena turation of
myoglobin, we discovered the process is sufficiently slow
such that the kinetics of denaturation can be studied by
slow temperature jump method using our set-up. Such kinetic
study is useful because the information can be related to
the mechanism of denaturation and to determine for instance
if the transition is indeed a two-state process.
In order to determine the time dependence of the
unfolding, we follow the absorption changes in the soret
band, which are known to be sensitive measure of unfolding
equilibrium (Harrision Blout, 1 9 6 5; Breslow et a 1, 1 9 6 5;
Acampora Hermans, 1967), The solution condition is kept at
p H 4.4, 0.2 M unless otherwise specified. Under such a
condition, the protein will be 100% denatured at 0°C.
4.5.1 Time dependence of the spectra during unfolding and
refolding
Fig 19 and 20 show the spectral changes
corresponding to unfolding and refolding process from 370nm
to 430nm at 10° C. The unfolding spectral are obtained by
cooling the sample rapidly from room temperature to 10°C and
the spectra are recorded- as a function of time. Similarly
the refolding spectra are obtained by first keeping the
protein at 0°C for two hours and then the protein is quickly
heated up to 10°C at a rate of 3°Cminute. The time taken to
scan the spectrum (370nrn to 430nm) is about 40 seconds so
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Fig 19: Spectra of denaturation of Mb at 10°C
Dotted line shows the spectrum at 22°C, tD denotes the
duration immediately after the temperature is controlled at
10°C. The spectra for trj= 20 min and 30 nun are overlapped
Experimental conditions: p H 4.4, 0.2 M acetate buffer
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Fig 20: Spectra of renaturation of Mb at 10°C
Dotted 1 i n e shows the spectrum at 0°Cf t p denotes the
duration immediately after the temperature iscontrolled at
10°C. The spectra for t- 18 min and 30 min are overlapped.
Experimental conditions: p H 4.4, 0, 2 M acetate buffer
solution, protein concntration 0.05% by weight.
spectra are not taken at one time point. However this should
not lead to a serious error because, as will be shown later,
the transition process is slow. The spectral changes are
similar to those observed by both acid denaturation (Shen
9
Hermans, 1972) and thermal denaturation (Cho et al,1982).
However, detailed studies of the time-dependent
spectra suggest that the cold denaturation process is not a
simple two-state transition because the intersecting points
of these curves in the neighbourhood of 3 8 0 n m are found to
vary with time. For a two-state transition a unique
intersecting point( isosebestic point) at a certain
wavelength is expected.
In spite of such complications, the transition is
reversible. This can be seen by the fact that, at 100 C, the
spectra after long time of denaturation (Fig .19, tp= 3 0 min)
and long time of renaturation (Fig 20, t p= 3 0 min)
essentially overlap each.
4.5.2 Kinetic plot of the unfolding process
In order to conduct a detail kinetic study of the
transition, a particular wavelength 408nm which displays the
greatest optical change during the transition was used to
monitor the unfolding-refolding equilibria. To measure the
unfolding kinetics, the sample was first kept at 2 5° C and
then rapidly cooled (typical time required 5 min) to a
lower temperature Tp. The optical change at a certain Tp was












Fig 21: First-order plots of the kinetic data for the cold
denaturation of myoglobin in pH 4.4, 0.2M buffer solution.








of the cold denaturation at different TD was determined by
the first-order plot method in which 1 o g f 0. D. (t)- 0. D.())—- p_i'
was plotted versus time. The results, as shown in Fig 21,
show that cold denaturation rate is only weakly temperature
dependent. Also the data seem to fit a single exponential
which is' that expected for a two-state transition. This
interpretation is inconsistent with the spectral changes
observed above. We will further explain it in 4.5.7.
4.5.3 Renaturation studies. Dependence of renaturation rate
on denaturation time
To measure the refolding kinetics, the native
sample was first kept at 2.5° C, the temperature was then
rapidly cooled to 0°C, a temperature at which protein will
be chiefly in the denaturated state at equilibrium. After
the sample was kept at 0°C for different time t D, the sample
w a s then heated up to 100C( typical time required 4 m i n)
and the subsequent optical change was monitored a s a
function of time. Temperature 10°C was chosen based on two
considerations that the protein is largely in the native
form in s u c h temperature and that the heating time (0° C —-h
10°C) is sufficiently short such that a large part of the
renaturation kinetics still be observed.
As can be seen in Fig 22, the first order plot
shows that the rate is strongly dependent on the duration of
denaturation t D. For both short t D( 5 mm) and long t D
( 30 min), the data can essentially be described by a







!! fl fQ( S-STl (J IV'.-j x'i





lr 3 0m i n
tn- 20m irt d~ 11 no i n
k= 0.5 6
r~s™5 m j n
Fig 22: First-order plot of the kinetic data for
renaturation at 10°C of myoglobin in pH 4.4f 0C2M acetate
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Fig 2 3: The fast process of renaturation for short
denaturation time t D- 11, 20, 3 G minutes. They are














5 min is 0. 5 7± 0. 0 5 m 1 n~, and is about a factor of four
faster than the rate of 0.15±0.02 min obtained for tp 30
min. The renaturation rate remains unchanged when t p 3 0 m in.
In fact, the value for t= 60m in (not shown) ,150min and
10 00 min are identical. For 30min tD 5min, the data can
be separated into two expontentials. The slope of the slow-
process is also equal to 0„ 1 5± 0. 0 2 min™. When the rate of
the fast process is extracted by subtracting off the slow
process from the raw data, it is found to be equal to about
0.58 min™ which is identical to the tp 5 min rate. These
results show that the transition is not a simple two-state
process and a minimum of three states are required to
explain the data.
The spectral studies described in section 4.5.1
already suggest that the process under investigation is a
reversible one. Further support of the reversibility of the
transition was obtained by showing that the renaturation
kinetics of protein w hic h has been denaturated, then
renaturated, were within experimental error the same as that
for the native protein.
4.5.4 Renaturation studies at different initial
denaturation temperature
In order to determine if the renaturation kinetics
will be affected by the temperature of denaturation, we have
conducted studies in which the protein solutions are kept at
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Fig 24: First-order plot of the kinetic data for
renaturation of myoglobin in pH4,4f 0.2 M acetate buffer
solution. Different initial conditions are ernplo y ed: t h e
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Fig 25: First™order plot of the kinetic data for
renaturation at 10° C of myoglobin in p H 4,2, 0.1 M acetate
buffer solution. tn stands for denaturation time and is
D aPP
the rate of renaturation in unit minP
is measured. The results, as shown in Fig 2 4, show that the
rates are the same, and is equal to 0.1510.02 min1-. No fast
process is present even for TD= 7°C tD= 6 0 min. This suggests
that in equilibrium only a unique denaturated state is
present. For further discussion, see section 4.5.7.
4.5.5 Renaturation studies in other solution conditions
Similar renaturation studies are carried out with
pH4.2, 0.1M protein solution. Results (Fig 25) show that two
processes also exist in the renaturation kinetics with k„m
cipp
= 0.3 310.04m i n~ J~ when tn= 5minutes and k__=0.13±0.02min~~
when tD= l20m mutes. For intermediate tD two exponentials are
observed. The features are identical to those observed at
pH4.4, 0.2M acetate buffer.
4.5.6 Renaturation studies. Independence of protein
concentration
When the protein concentration are varied from
0.01% to 0.05% (by weight), both fast and slow renaturation
rate at 10°C remain the same. This indicates that the rates
are concentration independent and the transition is
unimolecular in nature.
4.5.7 Cold denaturation model
In view of the biphasic nature of the renaturation
kinetics, we propose a minimum three state model to describe
the cold denaturation of myoglobin
N denotes the native protein. The fact that the renaturation
kinetics follow a simple exponential after long denaturation
time shows that the biphasic kinetics cannot be due to two
different native forrn of proteins, each has a differsnt
unfolding-refolding rate. Hence i n our sc herne only one
native form N is present. I denotes the transient
intermediate state which is not present in equilibrium. This
is to be distinguished from the scheme N D1 D2 om wjoch
both D1 and D2 are dentured species and both of which are
present in equilibrium (Garel & Baldwin,1980).The way
tha we cen distinguish between,the two scneme are the
results shown in 4.54 which shows that in equilibrium only
a unioue denaturated state is present. D denotes the final
de n atured s t ate.
T he kinetics of this three-state model can be
discussed as fo11ow
This system of differential equations is coupled and the
solution is very complicated. To simplify the solution and
further discussion we suppress the backward reaction when
denaturation is considered and the forward reaction vhen
renaturation is considered s
Consider denaturation results:
At t= 0 initial conditions I N]= C, [IJ— 0 and ;D;= 0
we have L N J= Ce
and hence the observed O.D.(t) will be given by
Hence two exponentials with time constants k1 and k2 are
expected, To account for that only one exponential is
observed at 408 nm in the experiment, we assume that T
such that the exponential w i t h the time constant of k- is
invisible. This assumption can be subs tan tiated by the
results of the renaturation studies. As can be seen in Fig
2 2 r the concentration of [p]present after 10 m i n utes of
denaturation at 0' C is very small. In the subsequent
conversion of[ I] to f D j, an appreciable change in the
optical density is not observed in the denaturation curve at
0° C. Hence I end D must be spectrally similar at 408n mc
Following this assumption, the measured rate should be equal
to k, 0.14 m i n~ at 0° C.
Consider renaturation studies:
For tp 5 minutes and initial condition I = C,D=
we have
so that a single exponential with time constant k1 is
observed for very short t D„ From our results, kh= 0 0 5 7
min~ at 10°C.
For tr, 60 minutes and initial condi t ions [I j= G f V D1= C
we have
Assuming that£. c, we have
Hence the amplitude of the term EXP(-k 1 n t) and EXP(-k!n t)
can be approximated by k12(' 1~ '2 and k' j( k' -k12)
respectively. Since k W 4 k' 2 r the first one is four times
larger than the second one. Furthermore, since k,-= 0.57min~
and that about four minutes are required to heat up the
sample from 0°C to 1 0 0 C only a small percentage of the k'j
term is left when we can start collecting our data. These
two effects, when combined together explain why only one
exponential with a time constant of k1 2= 0• 15 mm1 is
observed in our experiment. For t~ 60minutes, the signal of
k1 term is drowned out bv the slow process.
For intermediate t D, when I is present 1 n
relatively larger concentration than D, the renaturation
rate can then be distinguished into two processes. This
explains the features observed in Fig 22.
The above model can adequately explain all the
kinetic data in our experiment. We do not claim this to be
the only model as we have not carried out an exhaustive
study of all the possible three-state system. However, we do
believe that the mode], is a reasonable one in view of the
results obtained for other protein molecules. The presence
of intermediates in the unfolding or refolding reactions are
quite common features.( Tan ford, 1969; Baldwin, 198©) in
fact, in the acid denaturation of myoglobin, Shen and Herman
(1972) have claimed that the transition can be described in
a scheme of four species N pt D D where N, X, D and
D correspond to native, intermediate, denatured and
modified denatured states. D is not observed in our cold
labile studies. Apart from this difference, our model is
identical to their scheme. The only other difference is that
the intermediate state cannot be observed in their study in
the transition range, but is clearly present in our cold
labile study at. 100 C which is well within the range of
transition.
It would be interesting to conduct further studies
to identify the nature of I, such information would be
useful in understanding the pathways involved in the
folding of myoglobin. It would also be interesting to study
how cosolvents affect the kinetics of the denaturation
transition. We have not carried out this study at this stage
because the fact that the transition is not a simple two-
state process makes the interpretation very difficult. Such
studies would be interesting and useful when the kinetics is
completely understood and the nature of I becomes known.
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